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Abstract 


Single carrier systems use equalizers to remove channel impairments. Tlie increase of 
data rate increases equalizer complexity making its impleiiientatiou difficult. The idea of 
multicarrier modulation is to transmit high rate data over many carriers by dividing it into 
several low rate data streams and hence making equalizer design potentially simpler. But 
placing many carriers in same available bandwidth gives rise to Intc'r Carrier Interference 
(Id). To get ICI free transmission at least in ideal channel, carriers must be orthogonal to 
each other. Pulse shape used to represent a symbol, plays an important role in reducing ICI. 
But pulse shaping has a limitation that the pulse decreasing ICI niakc's it sensitive towards 
ISI. Though ICI can also be decreased by increasing carrier spacing, but it will decrease the 
spectral efficiency of system. Hence pulse shaping can give a compromise between ISI, ICI 
and spectral efficiency, in order to minimize total interference. Delay dispersion of channel 
gives rise to ISI and doppler dispersion to ICI. Hence pulse design should also depend upon 
the channel charcrcteristics in which it has to be used. In this thesis pulse shaping issues 
have been considered and orthogonal as well as non-orthogoiial pulses have been compared 
for doubly dispersive channels. 
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Chapter 1 


Introduction 

With tlic s|)('ct;u-ular fi,i()\vth in coninmuicaliou facilities, the (Icniaud for hij>h('r data 
rates is iucreasinj; dax' by day. Most conmimucation tx'cluuqiu's us(' single carrier modula- 
tion to transmit data, which ne('ds complicat'd equalizer blocks at the receiver to nnllify tlu' 
impairment imuh' by the chamu'l. Though almost no comnmnicai ion systc'm runs without 
(’(lualizt'rs. but W(' always try to minimiz(' their need as they are com])licated blocks. Nor- 
mally more is lh(' data rat('. more complicatc'd th(' ('([nalizi'r is. I'his gave' ris(' to the* idt'a of 
transmitting high spc'cd data occupying large bandwidth by dividing into s(‘veral low speed 
data strf'ams o<'<'Upying smaller bandwidth. To do so w(' transmit many data strc'ams on 
fr('(iu('ncy division mult ipl(',x('d s\ibcarri('rs. H('nc(' the ('(iualiz('r nei'ih'd Ix'coim’s h'ss coiii- 
plicat(’d and sometimes it is comi)let('ly ('limiuatc'd. The systems based on this id('a ar(' put 
undt'r tlu' family of mullicarri('r syst('ms. 

1.1 Few implementations of multicarrier systems 

The princi])le of multicarrier was originally applied in Collins' Kim'ph'x Systems in [4]. TIk'H' 
are claims of ('ven ('arly imi)l('UH'ntations. It has since been called by many names and usi'd 
with varying d('gr('(' of success in different media. e.g.[8] 

• FDM teh'phony group band modem. 

• Telephony voice- band modem. 

• Upstream cable modem. 
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• Difi,ital audio broadcast (DAB). 

• Digital video I)roadcast (D\'B) 

Perlonuaucc ot nmlticmrit'r systtuas widely varies depending upon the application. 

1.2 Different channel conditions and multicarrier 

Because of using many carriers in the same available bandwidth, multicarrier systems be- 
come mor<’ sensitiv(' towards any doppler dispersion than single carrier systems. Howe\-er. in 
chaniK'ls having delay disp('rsion or non-flat response hut lu^gligihh' doppk'r dispt'rsion. mid- 
ticarri<>r provt's to he a promising t(’clmi(iue. Successful iinpleuH'iitatious in xDSL‘ and DAB 
are examples using thousands of carriers over channels having almost no dopi)ler dispc'ision 
but delay disi)(’rsit)n and non-white noise due to crosstalk. 

In dopi)l('r dispersive' chauiuds, multicarrier may benefit in otlu'r ways, for examph' la- 
requiring an amplifier ol' lesser bandwidth, hence making amplifit'r design simpler. But 
normally numlu'r of carriers in such implementations is very small. In CD1\IA200() it is 
proposed to us(' multicarri(u- for c«dhdar communication, where dopi)l('r dispersion cannot l)e 
ignored. Additionally it givc's th(' comitatibility with IS-95 and the hardware of IS-95 can be 
used with little change. 

1.3 Motivation for present work 

Multicarrier systems have been tised since long. Many of the implementations have had 
high degree of success. But all of them were sensitive towards doppler dispersion and hence 
their use was restricted to cables only. Reason behind the sensiti-\uty to doppler dispersion 
is closely spaced carriers and rectangular pulse shape used which corresponds to the fiinc 
spectrum having high sidelobes. Efforts have been made to nalucc^ sidelobes by ai)plying 
different pulses. Though it can work well in cables having negligil)le doppler dispersion but 
may not prove good enough in mobile environments showing both the dispersions together. 
^Mauy inipleinciitations in DSL family like ADSL, HDSL, VDSL etc are cullectively known as xDSL. 
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Th(' motivation for this work was to study the issue's and capabilities of pnlse' shajiing 
and for inulticarrier coiunmuicatiou in douldy dispersive chaiiiK'ls. 

1.4 Organization of thesis 

In Chapte'r 2 f>,(’iieral multicarrie'r design and related issues have- Ix'e'ii discusse'd. Success- 
ful DFT base'd im])lein('iitations of nuilticarrier systc'ins have' Ix'e'ii de'seribed and problems 
encount('r(‘d in such systc'ins have' be'e'ii discusse-'d. Chapter 3 give's the’ e-harae-te'ii/.atieai anel 
me)ele'ling e)f e-hanne'ls anel the'ii pre'seuts pulse de'sign aspe'e-ts. h'e'w e)rthe)g'e)nal anel luni- 
e)rthe)ge)nal pulse's alse) have' be'e'ii give'ii. Simulation me)ele'ling e)!’ mull ie-arrie'r sysle'ins and 
e'hanne'ls nse'el in this we)rk is alse) give'ii. Chapter 4 give's the analxsis eif differe'iit pedse's and 
their ce)mj)ai'ise)n. 



Chapter 2 


Multicarrier modulation: An overview 


Multicarrier modulation is a form of Frequency Division Multiplexing. It has been called 
with many names depending upon the implementation method. Discrete Multitone (DMT) 
has been popular in Digital Subscriber Loops (DSLs) and Orthogonal Fniqueucy Division 
Multiplexing (OFDM) in broadcasting. Likewise other implemeulations are also in practice. 
We will proceed with the general block diagram. 

2.1 General block diagram 

Th(^ general block diagram has been given in Figure 2.1. 

Input to serial to parallel converter (S/P) is a sequence of H\-ml>ols of B bits each. The 
output for each symbol is groups of b{k) bits each. That is 

B=Y^\{k) ( 2 . 1 ) 

fc =0 

The groups of b(k) are then constellation encoded, filtered and modulated onto .\v sub- 
carriers. The output of modulators is passed through a digital to analog converter (DAC) 
and possibly through a low pass filter before transmission. RF up conversion may be doin' 
to translate it in allotted RF range. 

Recei^x-^r is effectively the mirror image of transmitter. 
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Receiver 


Figure' 2.1: General block eliagrain 

2.2 Subcarrier spectra and spectral efficiency 

Method of dividing available transmission bandwidth for subcarriers gives rise to main’ im- 
plementations. The simiilest way may be to divide it into disjoint IVe'quency slots. Be'cause 
of difficulty of iiu])lenientation' of very sharp filters each of the .signal must use a bandwidth 
(1 -f a)/,, which is greatcu- than the Nyquist miniinum /., [3]. Hencc' the efficiency of l)aud 
usage is The efficiency of band usage can be increased by using overlapping spectrajl] 

and keeping carriers orthogonal. One such implementation OFDM u.ses completely overlap- 
ping spectra [2]. OFDM is basically inulticarrier modulation without pulse shaping. Tla'ie 
is also a po.s.sibilit.y of multicarrier modulation with pulse shaping [2]. Both types of syst('ms 
^ We see another coustr<unt. on it. Even if we can implement sharp filters, il will correspond to a .sine ptilse 
shape, which will b(i highly sonHiti\'c towards delay dispersion and timing erroi s. H('nc(' this is not favoralih' 
to use it where our principle iiiin is to combat delay dispersion by raulticarrier modulation. 
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viz. multicarrii'i' witliout pulse shaping and inulticarrier with pulse shai)ing have tlu'ir own 
advantag('s aiul disadvantag('s. These will be discussed in detail la't('r. 


2.2.1 Spectral efficiency 


Tlu' spectral ('Hici('ncy can Ix' (k'tiiu'd as number of bits traiisniitl<'d per hertz. Let A/, be 
carrier spacing in Inaimuicy and A/ be sub-carrier bandwidth. It can be visualized that tbr 
A/,. > A/, full efficiency can not be achieved because of empty fr('(iuency slots in b('tw('('H. 
For A/,. < A/ spc'ctral ('tficiency p can be formulated as[5]. 


l> 


MM. 

V. 


XfrZ + ^ 


symbols / H 1 


[ 2 . 2 ] 


Now if w(' us(' A/,. 7 A = 1 and N,. 3 > 1 , we can approach maxinmin efficiency as p 1. 


2.3 Maximum achievable bit rate 


The pc'rformanci' (»f a data transmission system is usually analyz('d and nn'asured in 1(muis 
of the probability of (uror at a giv('n bit rate and signal to noise ratio (SNR). Tlu' variabh's 
for multicanh'r signal are uumlx'r of l)its per symbol and tlu' proportion o,, of tlu' 
total transmit t<'d pow('r P. that is alloted to each sub band. Tlu' aggregates bit rate is 
approximati'ly maximized if thes(' variables an' chosc'ii such that the bit error rat<’s in all 
the sub bands arc' ('(lual [3]. In ordc'r to calculate attainable bit rate' for a channc-sl with the' 
transfer function 77(/) and noise power spectrum at the input to the receiver U{f). Wc' can 
approximate H{f) and U{f) by segments H„ and Un centered about carrier frequency 
defined as, 

= 7tA/,. for ni < n < n-i (2.3) 


The' possible non whitc'iic’ss of the noise should be noticed which is discussed later. Prob- 
ability of bit error for (.JAM in any band, assuming no interference' from other bands is[7] 


Pn = 4Q 


377l.fl Efiv 


|_(2mn _ i)AroJ 


(2.4) 


where is average bit energy received. Hence TrinEav is average' symbol energy rece'i\'ed. 
Total power transmitted is P and the fraction alloted to iiP sub-band is 7 ,,,. Channel transfer 
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function is H„. H<'nc(' powci- received -for ■n/''' sub-l)aiKl is Noise po\v(>r spc'clral 

dc'iisity for iC' sul)-l)and is Hence replacing by and .Vo by T,,. 

Thus the total number of l)its that can be transmitted in one symbol with error probability 
V using N,. sub baiuls can be written as. 


■ S ^ 10-'(P/4)P — 


where = 1. The most ('fficient use of the chann(d is niad(' if the symbol rat(' j\ is 

made' equal to lh(' carrier s('])aration NJ and both are made very small. Then the summation 
of e(iuation 2.0 can Ix' approximated ly\' an integration, and th(' maximum bit rate. 

fl" r 3 PlHef] 

where J) and /„ d('uot(' low('r and upper band edges. Equation 2.7 is very similar to the hit 
rate for a single-carrier (SCQAM) signal equalized by a DFE[3]. It should be uot(‘d 

that e<iuation 2.7 assunuis that the number of bits per carrier is continuously variable but 
in practic-e, each tn„ umst b<> integer. It was found[3] that total bit rate achieved is only 
slightly less than that gi\'(ni by equation 2.7. 

Thus the aggrc'gate bit rate for multic.arrier modulation is approximately etjual to that 
for SCQAM/DFE. 


2.3.1 Adaptive loading 

It is intuitively clear that if the ratio \H{f)\^/U{f) varies significantly across the band, our 
objective of making each sub-band bit error rate Pn equal, is not fulfilled. This results in a 
high bit error rate. Hence we can keep on adapting the loading, i-.e. changing m,t. This is 
called Adaptive loading, unlike previously fixed m„ in fixed loading. We will give a schematic 
approach to adapt 7?t„, given in [3]. 

Given a set of signal to noise ratios, measured in the receiw'r when the transmitter 
is transmitted at the maximum permitted level in all the sub-bands, calculate the terms. 
APm,n = Pin,n “ Pw-i,n-. where P,n,n is the transmit power need('d in the sub-band n to 
transfer m bits per symbol at some predefined error rate. 
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TliPii assign l)it.s one at a time to carriers, each time choosing' tli(\ carrier that r('Ciuir(’s 
the least incic'inental power. This can be described as follows, 

• Search row 1 for t,h<' smallest 

• A.ssign one or more i)its to sub l)and n. 

• IncreiiK'ntal M and P,„,. that is, M' = M + 1 and Pfoi = Pioi + AP;.,, 

• Move all terms of cobmm n up one place, that is AP/„ = AP/^., „ 

• Hep('at ,s('arcli 

The procc'ss stops when P/„, r(^aches the maximum available' powt'r or the total bit rate' 
reaches the maximum alle)wal)le bit rate, depending upon the moek' e)f operation. All alle)fted 
powers must l)e' se-ak'd te) adjust P,,,, to the correct value. 

2.4 Crosstalk 

A dominant impairmeuit in multic.arrier systems is strongly e-.orre^lateHl. Oro.'iMalk. Twe) e'e)in- 
monly known t.eums for its e;ha.ract(iriijations, near end crosstalk (NEXT) and far end crewstalk 
(FEXT), have' e)riginateHl fre)m DSL syst(uns[8], but can be e^xpe'rie>ne-e'd in any multie-airie'r 
system. Inte'rfereuie-e's e:e)ntinuing in the same direction as the ini e'lfering signal, add uj) te) 
form far md r.ro.Hstalk (FEXT) and the)se come back toward the seaire-e' e)f the) inteidere'r. adel 
up to form rutar nul crosMalk (NEXT). If both NEXT and FEXT e'an oerciir in a nmlticarrier 
system, NEXT will in general be more severe. NEXT increases with frequency and at \’DSL 
frequencies (upto 15 MHz) it would be intolerable. Therefore, VDSL systems are sj^ecially 
de^signe^d te) ave)id it altogetlie'r. 

2.5 Peak to average power ratio 

A multicarrier signal ce)nsists of a number of independently me)elulated subcarriers whie-h 
can give a large i)e'ak to average pe)wer ratio (PAPR.) when addeel up coherently. V he'n A 
signals are added with the same phase, they produce peak power that is N times the aA’erage 
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power. The peak power i.s defined as thej)ower of a sine wave with an amplitude ecpial to 
the maximuin envelopf' value[9]. An alternative measure of the envel()|)e \'ariation of a signal 
is Crest Factor, winch is defined as the maximum signal value dividi'd by the root im'an 
square (rnis) signal value. A large PAPR luiiigs disadvantages e.g. an increased complexit)- 
or more quantization noise in analog to digital and digital to analog converters and a reduced 
efficiency of the RF amplifier. 

2.5.1 PAPR Reduction Techniques 

Several techniciues ijroposed to reduce PAPR. can be divided into threi' categoric's. 

• Signal distorting techniques- These techniques reduce tin' p('ak amplitude sim- 
ply by nou-linearly distorting the multicarrier signal e.g. clii)piug high amplitudes. 
Examples of three technicpies are peak windowing and peak canccdlation. 

• Coding techniques- Sinii)le forward error correcting codes can lx* used, which exclude 
multicarrier symbols with a large PAPR.. 

• Scrambling techniques- PAPR can also be reduced by the scrambling of multicarrier 
signal with difibrcmt scrambling seciuences and selecting which gA’(\s the smallest PAPR . 


2.6 Constraints on number of subcarriers 

Our original idea to use inulticarrier modulation is to transmit high data rate signal b\' 
dividing it into low data rate signal and transmitting on several sul)carriers. But we can not 
keep on increasing number of carriers indefinitelJ^ Certain constraints on maximum numlrer 
of carriers can Ire listed as follows- 

• Peak to average power ratio- which is proportional to the number of carriers and 
we can not handle PAPR, more tlian a limit. 


• Increasing sensitivity to frequency dispersion. 



• Latency*- 1 liis will he proportional to the symbol duration and li('nc(' to the nninbcr 
of snl)('arri('rs as w<'ll. \\<' nnist limit the symbol duration to nus'l tlic' rcMpiiremont of 
maximum allowabb' lataiicv. 

• Difficulty in iniplenientation of large filter banks. 

2.7 Multicarrier system design issues 

Aftor an overall look to nmlt icarric'r systems. \v(' find following issiu's relatc'd to multiearrier 
syst('ms. 

• Number of subearri(‘rs and optimum subelianiK'l bandwidth. 

• Constellation di'sign and adaptiv(' loading, 

• Pnls<' shajx' (h'sign. 

• Syiichronixation. 

• P('ak to av('rag(' i>ow('r rednetion. 

I'ln' most siK'cesslid iinph'nn'ntat ions of nmlticarrh'V till now are Df'T bast'd systems. 
DM'r and OKD.M art* such sueee.ssful impk'mentat.ioiis. 

2.8 DFT based multicarrier systems 

For a large uumlx'r of carriers, tlu' array of sinusoidal generators and eolu'it'nt demodulators 
required in multicarrit'r system becomes unreasonably expensive and complex. We find a sii’n- 
plest \vay[‘2] of pt'rforming multicarrit'r modulation shown in figure 2.2 st'tting (j{t) = 1 and 
using QAM constt'llation. Suppose' number of sul)carriers is iV,., modulated at the frequencit's 
/(I. fi , /v , . I ■ F'rt'tpu'ncy st'paration between adjacent carriers is A./, . .Assiiming sym- 

bol as {(In + Jhii) the out])ut of QAM modulator will be = («„co-s27r/„f -f ;7j„.s‘/7r27r ,/„/)• 

■Typk-.al name given to tin' proci'ssing delay. 
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Transniitter 



2.2: Gc'iu'ral block (iiagram of DFT based mnlticamer system. 

D('Uoting r„ -- {(i„ + Jh„). wv can write QAW modulator outimt as //„(/) = ■ Hencc' 

tli<^ signal transmit.! <'d to th(' chaniK'l, for a multicarrier system using .V,. carricu’s is. 

= ( 2 . 8 ) 

7t=0 

where c,,{t) is QAM symbol transmitted at carrier at time t Assuming carrier spacing 
A/V = the condition for maximum spectral efficiency, /„ = ‘ii.Nf,. = y{t) modifi('.s lik(' 
this, 

ci.o) 

n=:() 

If we see above' eciuation in discretes domain, it is nothing but IDF T of the symbols trans- 


mitted. 


V{k) = f 


where c„(l(;) is QAM symbol transmitted at r?/'* carrier at instant of time. 


( 2 . 10 ) 

nV-, Jf.-» 














\V(' can see tin' output of modulator as inverse discrete Fouric'r transform (IDFT) of 
QAM coeffici('nt c„s. IIenc(' the modular or /demodulator bank can Ix' easily replaced 1)A' 
a A', point IDFl'/nKT. Furtlu'r for the sake of computational efficiency it can easily be 
iinplenu'nt('d by its computationally ('ffi<'i(mt algorithm. Fast Fouric'r Transform (FFT). We 
should notic(‘ that though iu practice we use IDFT at the transmitter and DFT at 
the receiver, still there is no technical constraint on it. We can use either of 
one any where, or even same (DFT or IDFT) at both the ends[2]. Using DFT at 
transmitt('r and IDh 1 at r('c<'iv('r can be simply understood that both the transformations 
cauc('l ('ach other. It does not mattt'r which oiu' is doin' earlier. Th<' rc'covery of signal by 
tising satin' transformation at both tin' places can In' exidained by tin' duality jiropt'rty of 
fourit'r transform that. if. //(/) v- U'(./'). then 

( 2 . 11 ) 

when' n'prest'iits fourit'r transform jiairs. In the discrete domain if symbols .s(/i:)’s are to 
In' transmitted as '.{iiYs after DFT i.('. 

s{k) ^ z{7i) (2.12) 

then if IDFT is used at the n'ct'ivc'r. 

tiiifptii = F '(;(")) = -^k) (2.L;1) 

If DFT is u.s('d at tin' rect'iver. 

output = F(z{'ii)) = u{~k) (2.14) 

We can see that in both cast's signal can be recovered. 

With the imph'un'ntation of modulator/ demodulator banks by IFFT/FFT an additional 
condition is imposed that total number of carriers must be such that .V,. = 2", where n is an 
integer. In nut sin'll such systt'ins are multicarrier systems with following constraints, 

• g{f) = 1 i.('. rt'ct angular pulst' shape. 

• Carrier spacing A/,. = j. 


• Number of c.arrk'is X- = 2", such that u is integer. 
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• Using QAM constellation. 

As al)Ove systems use QAM constellation, we can give them a generic name as MQASK[8]. 
Most popular implementations of MQASK are DMT in DSL and OFDM for wireless uses 
(primarily for Irroadcasting). We can see for g{t) = 1, i.e. rectangular ])ulse shape, if carriers 
are spaced 1 ) 3 ' and /„ = every carrier has integral number of cycles in one symbol 
duration. This way carriers will be orthogonal to each other, hence the name Orthogonal 
frecpiency division multiplexing (OFDM) comes. It is has been said in [9] and [6] that 
orthogonality is achieved because the spectrum of other carriers is zero at one’s peak, which 
is not a proper reason l)ehind orthogonalitv. We can find situations where al)ove condition 
is not fulfilled, still we achieve orthogonality. 

2.8.1 Guard Interval 

Orthogonality is achieved Iry putting integral number of cy'cles in one symbol period. If 
because of channel impairments such as delay dispersion, this condition is lost, then along 
with inter symbol interference(ISI), an inter carrier interference(ICI) or crosstalk will ap- 
pear. As DFT l)ased niiilticarrier systems are primarily meant for the channels having dehy 
dispersion, we can not ignore this situation. To combat it a guard period was first used 
in Telebit’s trailblazer voiceband niodein[8]. Introducing a guard interval we ensure tliat 
dela,\’ed replicas of MQASK signal have integer number of cycles as long as delay is smaller 
than Guard interval. Hen(;e we simply eliminate ICI and ISI discarding the guard interval 
at receiver. Guard interval can be inserted in three ways, 

• Cyclic Prefi/x: Add the last i/ samples to the beginning of the signal and then clelar- 
collecting the samples in the receiver until the transient response' has finished. 

• Cyclic Suffi/x:. Add the first u samples to the beginning of tht' signal and then delar- 
collecting the samples in the receiver until the transient response has finished. 

• Quiet period: Use a cpiiet period between symbols and in the r('ceiver add the last ;/ 
samples to the first. 

There is no fundamental difference between first two techniques except a phase difference' 
of 2Trnix/N in carriers. 
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This can be seen that sym])ol length T, is increased to 7^,(1 + AT,). Hence carrier spectra 
are not zero at otlier carrier’s peaks. Still we achieve orthogonality, 

ISI and ICI have l)een easily removed or at least minimized by guard int('rval insertion. 
The price we pay lor it is spectral efficiency, which is reduced to Tliis may not 

be so significant lor large munber of carriers. We can always use a smaller guard interval 
and remove remaining ISI and ICI by ecpialization. Hence length of the guard interval is a 
compromise between efficiency and ease of designing eciualizer. 

2.8.2 Spectral Efficiency 

Spectral efficiency achieved by DFT Irased multicarrier systems can Ix' ('valuated by equa- 
tion 2.2 putting A/(.T, = 1-4- AT, and can be seen that for large numirer of carrier it achic'ves 
almost full efficiency. 

2.8.3 Sidelobe Problem 

Physically realizable signals cannot Ire bandwidth restricted. Hence they have the frequence- 
contents outside the band of interest also. In multicarrier systems if carriers are separated 1)\- 
A/,, then for any carrier centered around the band of interest is /,, — ^ 

Frequency (X)mponents of tlu' signal on tliis carrier, which are outside this band constitute' 
to the. Sidelobe.H. Because of tin' use if rectangular pulse shape the sidc'lolies of an MQASK 
modulator or demodulator fall of very slowly. Consequences are smearing the inimt noise in 
one subchannel over many. If noise in one subchannel is considerably higher than others, it 
may contribute to other channels as well. Hence if the subchannels liave same SNRs then 
this noise smearing does not effect much. But if the subchannels have consideralrle different 
SNRs then one having higher SNR will loose from its capacity. 

This problem can Ire reduced by- 

• Increasing the size of FFT (i.e. reducing A/ effectively) reduces the magnitude of all 
sidelobes. 

• A guard period allows for a very wide choice of shortened impulse responses and in 
doing greatly simplifies the design of equalizer. This reduces noise enhancement in 
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('(lualizcrs. 

• I sinp, a iii(Hluiat()r/<l('m()(hilat()r which att('uuat(^s the sidc'loix's inucli more 

rapidly. 



Chapter 3 


Pulse shaping 


DFT l)as('(l syst c'ins discussed in bist chapter have a common prohlcin of high sidelobes be- 
cause of the rectangular pulse shape used. Until channel creat(^s■any dispersion, sidelobes 
have no effect because' of orthogonal carriers. But in doppler disixusive channels, carri('rs 
loose' tlu'ir orlhe)gonality whie-h rc'sults in inter carrier interfere nice (ICI). ICl obviously dc'- 
jn'iiels upe)n side'le)be's. Higher the sieledobes, higher the ICI will be. Few techniciims have' be'C'ii 
de'V('le)p('d to reeluce' sid('le)be's. But reHlucing sideletbeis may result in other problems whie-h 
are; pre)noune<'d in otht'r channe'ls. So Itefore discussing those te(:huielu(^s, characterizatieju e)f 
channels must be .se'em. 


3.1 Characterization of communication channels 

Various communie;ation channels can be put in two major categorie's- 

1. Time invariant: Channels whose impulse response does not vary with time are said 
to be time invariant. Their impulse response can be reprease'iited as h{t). Cables are 
examples of such channels. 

2. Time variant: Channels whose impulse response varies with time are said to be; time 
variant. Their imp\ilse response ‘can be represented as /i(t;r). Wireless channels are 
Pv«tYinlii« nfsuch channels. 
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3.1.1 Fading channels 

coiiiuiiiiu* lit it 111 tliioiii^li wirt'lt'ss chuniK’ls (•'xjx'rit’iictis uuui\' raiuloiu iiupHirnuMits 
such us iiiuHiputh and slin<li)\viii,t;. All tht'st' iiiipairuiciits may cDlh'ctivt'ly be ('xpcricuct'd 
as fluctuation iu aiuplitiulc as wt'll as iii phast' and are known as fadtiuj. It can be inodt'h'tl 
as a inultiplieativi' iioist' i.e. a complex gaussian random variable(nf is multiplied with 
the signal as a rt'sult ol fading, ['or all tht' fading modt'ls 0 is considtut'd to bt' uniformh' 
distrilmted lietweeii o may lx* Hayleigh. Rician or Nakagami-ni distributed depend- 

ing upon the ehaiuiel. 1 )ifi'(>rent names given to fading ehannels t'.g. Rayleigh. Rician or 
Nakagami-m (•oiiie from the tlist libntion o/o. 

Coherence Time: ( 'ohi'renet' time r,. indicates the minimum tinu' st'paration at which 
the corrt'latitin of ladings at the two lime instants falls below a prt'dt'liut'd value. This vtdue 
may bt' 0.5. ~ or 0.1 depending upon tht' robustness of the receivt'r. Maximum doppler 
spread (/,/) is proportiomil to tht' invt'rse t)f coherence time(:;r). In fact f,i ^ j-. 

Coherence Bandwidth: Ctiherence bandwidth B,. indicates tht' minimum frequent-y 
separatitm at which tht' eturt'latitm tif fatlings of two fretpiency ctnnjituit'nts falls l)elow a 
prt'tlt'flnt'tl vithie. This vtilut' nmy ttgain bt' 0.5. ^ tir 0.1 depending upon tht' nduistnt'ss 
tif till' rt'ct'ivt'f. .Maximum th'hty spretttl (r,„) is prtiptirtitnial tt) tht' invt'vsti t)f ctilu'rt'nce 
haiulwitlthf yl' ). In laet r,„ yh . 

Df'pt'iitling uptm tht' etiht'renct' timt* anti coht'rence bandwitlth channel can bt' furtlu'r 
characterizt'il as to he slow lading, fast fading, fretiuency selective or non-selective fading, 
delay dispersivt'. thipplt'r tlisjit'rsivt' tir tltuilfly disper.sive. 

• Slow and Fast fading channels: If symbol duratitm T, ^ t,. i.t'. variation of channt'l 
is vt'ry slow cttinpart'tl tti tht' symbol duration, then channel is called as slow fading 
channt'l. tttht'rwist' it is fast fading channel. Obviously this dt'i)('nds not only on the 
channel but ;tlso tni the thtta rtiti'. 

• Frequency non-selective(fiat) and frequency selective fading channels: H 
transmissitm banthvitlth Bs B,. i.e. variation of channel is highly correlated lor 
evf'ry frt'ciut'ney ctunpont'nt of signal, thtm channel is called as frt'tiuency non-selective 
or fiat fading channel, otht'rwise it is frequency seletdive fading channel. 
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3.1.2 Dispersive ciiaiinels and their modeling 

cliiiiiiK'ls iiiiiv show disporsiou in time or in freciiu'iu-y or in both. D('i)('ii(liuR 
upon th(' dispersion iuirod\u ('d by ehannel, dispersive channels can be characterized as- 

3. 1.2.1 Delay dispersive channels 

If sif^nal dural ion al tin' output of the channel is different than al the input, channel is 
calh'd as <lelay dispersiv<'. I his pln'iiomenon can be experiencc'd in both fading or non- 
fading channels. In fading <‘hannels maxinmm delay, d-. 

In most of tin* pracli<'al channels delay dispersion is exponentially distributed or at lea.st 
can be approximated to expomuitial. Hence po\ver-<lelay profile is normally modi'h'd as 
expon(‘ntial[l“)j i.(‘. power of /i'^' path P„ delayed by Tii is Poe. " . where To is the dela>’ 
of earliest reaching path. Po is the power of a path coming with To delay. 

: \ 




Figure 3.1: Exponential Power-delay profile' 

3. 1.2.2 Doppler dispersive channels 

If bandwhlth of fhe .signal at tin' output of the channel is different than at the input of it, 
channel is called as dopph'r disi)ersiv(’. In fading channels maxinuuii dojipler sju'ead, ~ — • 
Doppler dispersion can l)e modeled in a various ways. This can be Uniform, Gaussifui. 
Rician or Jaki^s spectrum. Rician is suggested for rural areas as it takes a direct path in 
consideration. For urban environment Jakes is said to be most suitable model[ll]. Power 
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spectral (lf'nsif\- tjf <iisp('rsi()ii in this modeled is considered as- 


■S/(/) = 



^ -/</ < / < f,i 


( 3 . 1 ) 


where ./,/ — is maxiniuin d<){)pler dispersion, v is the vehicle sjxH^d in meters per second 
and A is the \vav<'len|^th of signal. 



r- > 


Figure 3.2: .lakes Spectrum 


3. 1.2.3 Doubly dispersive channels 


l'h(' channels e.xliihii ing both tin' delay and the doppler disjx'rsioiiH are called as doubly 
<lisp('rsive. .\s delay dispersion is modeled ius (ixponential and dopi)l(!r dispersion is .mod- 
eled by .lakes spectrum, doubly dispersive channels are modeled as exponential /.lakes, i.e. 
exponential pow('r-d<'lay prolih* and .lakes doppler dispersion spectnun. 


In geiu'ral one can .say that all the channels are doubly dispersive' in nature and show delay 
dispersion of ai)i)roximat<'ly ^ and dopi)ler dispersion of approximately :b. But, according 
to the signal to be transmit.t('d, on(‘ or more properties of chaiuK’l may be, of interest, tor 
example a channel may not be treated- as delay dispersive if symbol duration is too larg(' in 
comparison to tin' <l('lay {lisjxu'sion experienced in channel. The same channel may be giving 


severe delay disp<wsion for another signal having very .small .symbol duration. 

Now with a bri('f digis'.ssiom bit (UTor rate in slow and freqm'iicy uon-sehx'tive Rayh'igh 
fading channels will b<‘ discussed. 



CHAPTER :i I R l.SE SU. I / >/.V( ; 


20 


3.1.3 Rayleigh Fading channels 


A typical model for fading in inolnh' chamiols is Rayleigh fading. As discussed earlier, fading 


is niodf'lcd as a coinplcx gaussian multiplicative iu)is( 
bet\v('eu (0.2“). 1‘lie ehamiel is sai<l to he Rayleigh 
pio!)al)ility densit\- fimcliou ofn. 


' oc'”, where 0 is uniformly distributc'd 
fading if n is Rayh'igh distributed. i.('. 




-(' -irr-i 


(T-= 


(3.2) 


where a is a constant. I'nder the assumption of perfect carrier phase ivcovery it is assuiiu'd 
that BER is effected uiilv In eiivelopi* fiuct u;»f ions. 


3.1.4 Bit Error rate in fading channels 


In an .A.\VCjN channel bit error rate 
fading channels is tiiinsformed to 
and slow fading, 'riien. 


is giv<'n in terms of signal to noise' ratio, 7 (, = For 
with the assumption of jx'rfect carrier recovery 


Piiii(iii( h) P/iii/irii/i'//tj(^ — 1 ) 


(3.3) 


Ht'uce. 


Pliiili/iiii ti) / •P{'yb)^Ptli 

./a 

■" / P (3.4) 

./tl 

Solving e(|Uation .3.4 for HBSK gives following BER. (expression for BPSK in Rayh'igb 
fading' chamu'lpiiC?] 

pHI'SK „ 

when' (2 - is varianc(' of Rayleigh distribution and ^ is double' sidexl power spc^ctral 
d(msity of AWXbX. It ciui lu' noticed that in the* above case as the variance' of fading increase's. 
BER goe's down. Comparing this BER with only AWGN case, i.e. 


1 - 


\ 


M, 


2/7“ Au 


(3.0) 


■pliPSK _ 



(3.G) 


^Rayleigh fading h(n’(‘ means Rayleigh fading with AWGN. It is to be noted that without AWGN, Rayhngh 
fading will never givt' any error for BPSK if phas(' is recovered correctly. 
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.125: ( 'Diuparisoii of Rayl<'if>,li mid AWGN chaniK’ls 

It can Itc seen t hal HMH in ra<ling cast* h'sscr than only AWGN case' if following inequality 
is satisficil. 



when* K[<^') -o ’. 

d’his can he mh-h h\ the siniulation rcsiilt.s given in tigun' 3.;i. As E{(P) is incn'asi'd. 
BEH is decreasing. Altei cm lain value <»f E(<\^) this BER Ix'coiik's lesser than only A\’\G.\ 
case. It can hi' seen that it closely matches with the value of calculated by equation 

3.7 for sui'h situat ion. 

Such results I'aniiui lx* expi'cted for amplitude shift keying, as envelojie fluctuation itself 
will create ('rrors liere. 

3-l,5 Modeling of doppler dispersive channels- Jakes spectrum 

Various s|)(Hlra has j;ivon for nuxU'liug of dopplor dispersive chaimcds. Jakes spectruiu 
is OIK' wliicli is most suit for tlio luodt'liug of urban eiivironnieiit. Many iiupleincntations 
of this sp<H‘trtuu an' in practiix'. U('r(' it has becui modeled as a raudoni doppler shift wlii(*h 
is Jakes distributcxl, IIc'ikx' tin' geiu'ration of Jakes distributed numlx'r is being disc.usse<b 
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Probai)iliiy densiiv liinciion 

<.f .lakes tlistributt'd random numbi'r // is. 



/»(//) = 

A - (£r' 

(3.S) 

To gi'iierale it fioni a iiniioindx 

distiiluiteii random numbi'r .c. ri’latioii Ix'twi'en 

r and ij can 

be obtained in following wa\. F 

lobability di’iisity function of .r is. 


III 1 

) ~ /> for 0 < .r < - 

l\ 

(3.9) 

Knowing the i elation. 

pun -- 

t< / '(</) 

(3.10) 

Putting /)(■'■) and /a n i lu-ie. 


(3.11) 

Solving. 

/ 7r:-Tf;e"" = / 

(3.12) 


h.siii = k.r 

.III 

(3,13) 


The n'latioii laMwcii ./ . a iiitiltuni tliNtril>ut<'<l random ninulan' Ix'tAvcc'ii (0, i) and //. a Juki’s 
(listrihiiti'd lainlum imiiilti’i ln’twai'ii (11. /,/) coint's. 


,'/ - (3.M) 

hi 

I’siuf^ tliis t’<juaiiu!i Jaki's tlisi rilaitodjiumher can Ix' gonerati'd tVuiu uniform nunibi'r 
gpiiarator. 

In till' last ciiapii’i a pussihilily was introducpd that the most succi'ssful DFT s.vstems 
may not perfunn vci v well in some clianiK'l conditions. Main prohlem of such systems 
is thi'ir high sidclobcN wliidi give ris<' to K’l in doppler dispersive channels. Multicanii'r 
techniinu's discussed t ill now are normally us<’d in cables and broadcasting, where fading and 
frequimcy dispersion are not pre.sent or at least are not so pronounced to be considered. These 
systems experiimci’d in'gligible dopph'r dispersion and hence are least concerned with the high 
sidelobes of DFT based nmiticarrier systems. But for the dopplm disijersive channels high 
sidelobes can no more be ignored. To reiluce sidelobes we can use shaped cyclic prelix[2]. This 
will reduce far-out sidelobes considerably lait gives a little reduction in close-in sidelobps[8]. 



CH.APTWi’ I 'f / >/ ■ >//. \ / ’/A ( - 


23 


In s('ri(»iis (lnpi)l.‘i <lisiHi<,iuiis th.-sc Niddolx's may still prodmT (•{)iisi<l('ia.l)le iiiterfemicc'. 
F(>\v otlu'i l»Tliiiii|in s iii,i\ 1»' UM'd tn it flirt h('r[8]. 

• Frotnifiit (lonuiin I Ids nu'thod usi's ti'oinK'iicv icspoust* partial codiiiji, 

and pt>l\ iii'iiiial < .lurcllai imi, 

• Discrett' wavtdot nmltitone modulation: FFT of ('arliar sysiom can he replacc'd 

by nisi ii’tt' ItaiiNluim. I his will lx* calli'd as DWMT niodulation. 

• Pulso shaping: \\<“ «aii oihai pnlsn shapes rather than nsiiifj, rectaiifijular pnlsi' 
shilpi'. I" ifdlit r sidfhtln'H 

Ht'Ui'i' dilh'ii'iii i\ [it*s n| mult tt airiei systems can lx* devt'lojx'd (h'pendiufi; upon which oix' 
of the jilxive sidelobe n'din iKiii techiii<ities is Used. Pulst* shaping will lx- focus of attention 
in this thesis. 


3.2 Pulse shape design 

Pulse shitping is done to tedtice sidi'lohes. However this has a limitittion that pulse which 
decreases sideloltes. spieads in time donniin making it sensitive' to ilu' delay dispt'rsion. 
Ih'iice the objective of piihe design is to lind a compromisi' Ix'twt'C'u ISI iuid ICI in ordi'r to 
ininiini/e toiiil inieifeiem es I'loceeding with tin' gent'ral analysis of tin' pulse shape' to Ix' 
list'd in mnhieiuiiei s\ stems, folhaving condition can he diuivt'd. 


3.2.1 Ort.h<)g()!iality Condition 


Let be the basis of ttaiiMtiit signtil. i.e. symbol at carrier. will be tiaiismilted 
Wliere - !i{t ~ /I'/'Jc 

Hence tiiuismitted sigmd citn be repre.sentc'd as, 

uU) " (3.1o) 

(/ II 

To rc'cc'ivi' symiio! iii I:"' cnrrit'r. the transmitted signal will b(' convolved with c 
i.('. (j*{i - iil\)t Tlie outptit will be. 



~ r)dT 


(3.1G) 



( 'llAP'mi :i. I M ILSK SI! A P1N( 


2'\ 


'lb '/.<*ro ISl ;ui<i H’l i(. shotihi give, 

’■( 0 ) = 

Ilriir(' pulse's sliiiiihi satisfy tlir fiilltnving eirUiogonality condition, 

/ rxy 

^%<,WKk{-t)dt = Sr,p5k, 

wIk'K', 


S„i — 


1 11 = i 
0 olsowhore 


I'Aiii.'bion .'i.IcS <’»t» wrifh'n as, 

/ " !ii.t I>r,)!r(i - nr.y”^- = s,^6„ 

J no 

Equation 3.20 can be transformed in frequency domain as- 

/ OC} 

tX‘> 


(3.17) 


(3.18) 


(3.19) 


(3.20) 


( 3 . 21 ) 


llcn(;e any i>ulsc shape to be us<'(i in nnilticarrier must satisfy above condition to give 
zero ISl and 1(3. 


3.3 Various orthogonal pulse shapes 

If for any pulse shap«‘ salisfying above condition /?(/.) ~ it is called to be orthogonal 

pulse shaj»e. Because In this condition the basis functions for transmission and reception 
belong to t.h(^ same family and are orthogonal to each other. Pew examples can be seen here, 

3.3.1 H.winiigular Pulse 

'Fhis is th(^ most common pulse shape used in DF'P based multicarrier systems. This pulse 
shapt' can be formulated a.s i.e. //(/.) //*(/) - 1 for < t < '-'f Hence for this etpiation 3.20 

simplifies to the following condition 

+ jsin27r^^-Y--^^ dt = 5*, (3.22) 

where (;arri<^r spacing A/r " r/.-. 'I'liis result can be extended for A/c = where n = 1,2, 3... 
3'his condition can easily be proved for {Q~k) as integer. For n = 1 it will achieve maximum 
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3.3.2 Nyquist Pulse 

If subcarriers are alloted disjoint spectra and each individual six'ctruni is flat, this pulse 
correspoiiding to it can l)e formulated as G{f) = 'G*{f) = 1 for < f <^- where 6'(/) 
is fourier transform of //(f) and A/, = L. For this equation 3.21 simplifies like this. 

(co.s-2^(//, - p)Zf + jsin27r(n - p)T,f} df = (3.23) 

Above condition also can be extended for AR, - where v = 1.2,3... For ii = 1 it will 
achieve maximum efhcieuca’. This condition again can easily be j)ro\'ed for [ii — p) as intc’gc'r. 
For n = 1 it will achieve maximum spectral efficiency. 

For practical implementation in simulation this pulse has been truncated and thus //(/) = 
“"IT, < / < 4Ts. and zero otherwise. Because of truncation it has some 
ringing in frecpiency domain. 


3.3.3 Raised Cosine Pulse 


This pulse is defined as //(f) = F where H{J) is raised cosine spectrum. It can 

be formulated as- 


H{.f) = 


1 

2 m > 

1 — sin 



7r(|/|-lV) 1 \ 
2W-2fi J / ’ 



0 < 1./1 < .U 
h < i/i < sir - i\ 
I./1 > 2ir - ./•, 


(3,24) 


where a = 1 — ^ and IF = Checking the orthogonality condition for this pulse, it can 
be seen that putting n. — p in equation 3.21 reduces L.H.S. to the area of multiplication of 
the spectrum of the pulse and its version shifted by (q — A;)A/(.. It can be seen that equation 
is not satisficxl for AR. < It can be proved that equation 3.21 is actually satisfied for 
^fc > For O' = 1 this pulse is said to be having full cosvna roll off And equation 3.24 


Hif) = 


(3.25) 


simplifies to- 

' A[l + cos{^fT,)], 0<|/1< 

0, I/I > z 

This pulse does not satisfy orthogonality condition for A/cTs- = 1 satisfies it for A/fJ., = 
2. Hence it can achieve only half of the spectral efficiency. 
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3.3.4 Hennito Pulso 


This pulse shiip.' Wits piupus.-,! in This pulsi' was not designed for full speetral efficicuicy. 
This satisfies .u t liuuunaliiv .iui<iili<.n for lfj\ = 2 and thus aehh'ves half of the six'ctial 
('theitUK V. Shape of t his pulse was has l>t>en given in figure 3.4. This puls(' was proved l)('tt('i 


hi i 


liht »l 


MU} ; 

Munj $ 

IHHJhi 

lo US 



lM]L»un‘ :t. 1: Huniiitc' pnls(' 
than Haisud liaviihj, lull t tjsiut* lull ulf. 


3.4 Non-orthogoaal Pulses 

The pulses dis<-ussed till now belong to the ortliogonal family. In [0] llu’ possibility of nou- 
ortliogonal pulses was intiodueed in ord<‘r to combat IS! and ICI bettcw. This was bascal 
on till' concept of using mismatched iilt('r. Though because of use of mismatched filter it 
do('s not maximi/e SNH and In’iiet* dix's not show good performance tor AWGN chanin'ls. 
But in mobile enviroum<*uts the perlbnmjuce of system rarely depends upon only 
performance. It widely depemls upon ISI and ICH (rmcellations as well. 

He'i'f' //(/) fpil). //*(/) ean be (hmotesl as '•.'(f). Both the ])uls('s can be called dual of 
each otlu’r. .As we have’ got two families, (‘very basis of one is orthogonal with the oiu' in 
other but not from the .same family. Hence (j{t) and 'y{t) ar(^ said to Ix' biorthogonal. Tlx’se 
also satisfy orthogonality condition for A/,.Ts = 2. 
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From ilif iwn r.unili.-s if uno is used tor tran.siuission. other one will be used for 

Inception. As < .iii !.<• s.m'ii ili.ii ./i/! has a louder tim<' support than '.(/). it is suggested to 
,ise '(/I at the Iiioinh- iri iiiiiials and (/|/) at stationary terminals. 



Time — > 


Figuif d.o: Non-orthogoiial pnls('. //(/) 

Tlie.se pulses weie t ompau'd with the li«>rmite pulses in [(>] and wer(> provc'd giving lu'tH'r 
pc'rfbrmaiu e, 

'I'inie domain shapme. tame to lednee sididohes in fretjui'iicy domain. But as a signal 
can not be tleliiieil in boili the domains simultaneously, decn'asing sidi'h'bes in fn'cpK'ncy 
domain will spreail the pulse in iime<loniain making it wuisitive to tin' diday dispersion. To 
analyxi’ the pulse in bttth the tlomains togeth<*r Ambiguity fnuction[l()] can be used. 

3.5 Ambiguity function 

Ambiguity funetitm repiesenis tin' response of the matelu'd filter to the signal for which it is 
matcheil as well a.s to deiay-<loppler-shii’te<l (mismatehed) signals[10]. Output of the luatcln'd 
filter s{t) is. 

.s(r)|, „ - r (j{t)n*{T - i)df 

./ X 

nuliml = r g(t)!r(-t)dt 


Hi'uce. 


(3.27) 
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Figure' 3.G: Dual of pulse (j{t), 7 (t) 

Then output of tlu' filter to a niismatched signal shifted by r in time and / in frecpu'uc^’ 
will b('. 

.-l(r. /) = r r/(f)ry*(r - (3.28) 

GeiKwally juilse shape' e/(/) is sue-li that e/{f) = (){-t) the'ii, 

A{T.f)= I g{t)(}*{t (3.2!)) 

J-oo' 

lG(r, /)|^ is e-alle'e! Ambiguity fuuctie)n of .e7(t). 

3.5.1 Analysis of pulse shapes using Ambiguity Function 

Consider the family e)f orthogonal basis function ^nk-, w = — cdo.. — oc. k = 0, 1, .., {N,. - 1) 
whe're = //(f - Then theise should satisfy e)rthoge)nality e-e)nelitie)n as gi\-('U 

in eepiation 3.18 

Left lianel siele e)f the eiquatie)n 3.18 can be e'xpandeel as, 

r = r altmt + (3.311) 

./--oc ./~oo 

where, i = p - nj. = k - q. Right hand side of e-Hjuatie)!! 3.30 is the' Ambiguity fune'liou 




CHAPTER :l PCLSE SHAPIA’G 


29 


Sfimph'd at pTyJiAj',. Hi'iicc 

From ('(juatioiis .3. .31 and .3.18 it can Ix' s('('ii that .4(0,0) = 1. Receiv('d signal can bo writt('n 
as follows 

rir)\r^^^=Z t 

(/rrl) 

Rl'pn'souling iC' .symbol r('( (>iv(Hl on E'' carrier as r{nTs.kAf) al)ov(' eciuation can Ix' 
repr('S('nt 0(1 in tc'rms of Ambignity function as, 

r(n7,./.-A/)= f] r,,,Ai{p - n)T,, {(j - k)Af) (;3.;3.3) 

r/=r() p=-Xv 

wlu'ro Cl,,! is p"' symbol t ransmittod on carrier. In ideal orthogonality conditions abort' 
('(piation will simplify to 

/•(■nr,,/.:A/) = fw4(0'0) (3.34) 


l_ - nZ - 


r U 


r2TihAfr{t~T) 


(3.;32) 


H(mce signal to intorforonco noisc^ ratio (SINK) can be lower bounded'^ as, 

e/.YB > 0) 

‘ - «)T,. (» - OA/) - 0) '■ ' 

Similarly SINR for doubly disporsiv(' channel having delay and dopplor dispersion as T,i 
and f,i can Ix' lower boumh'd as 


SINR > 


.4(0,0) 


E;';,;' -mv - »)r, + Ti,{<i - k)M + f„] - .4(0. 0) 




Above bound can bo ust'd to compare different pulses. 


3.5.2 Computation of Ambiguity Function 

As given in equation 3.29 Ambiguity function is defined as 

fOO 

A{T.f)= (j{t.)g*{t - r)c-''^^Rdt (3.37) 

•/ —OO 

This can be viewed as fourier transform of g{t)g*{t — T), with r as a constant. Both g{f) and 
g*{t) have bet'u implt'iuented as impulse rt^sponse of 48 tap FIR filters in simulation. For the 
sake of computation of ambiguity diagram by FFT, g{t) and g*{f.) has Ixhui (extended to G4 
taj) adding 8 taps of zc'io vahu' each sid('. Then 64 point FFT of the ])roduct g{t)g*[f - r) 
has l)een taken varying the vaiiu' of r. 

■B(a-aiis(.' ueighhoring canii'is may not iwn's.sarily have difFereiit .symbol than one to Ix^ decode'd. 



CHAPTER 3. mSE SHAPIXa 


30 


3.6 Simulation Model 

To aiialyz(' tin* i)('iionnanc(' of dific'n'ut pulse shapes a simulation model has been imph'- 
meut('d. Puls(' shapiii;; fillin' has been implemented as 48 tap finite impulse response (FIR) 
filti'r. Binar>' i)lias(' shift keyin{>, selnnue has been used to transmit l)its over channel. C'ar- 
riers have Ix-ini Si'parated l)y multiplying the output of FIR filter witli ro.s(27r;;A/,.f). \vher(' 
ri = 0.1.2. 3... for diflereut carrii'rs. A/,. = taken to g('t maximum spectral 

efficicnicy. Only oiu' carrii'r has be<'n demodulated for BER observations assuming all tin' 
carrii’rs similar. Fixed loading has beam used and \vhit(' noise has bi'cni taken. Chaiim'l 
has Ix'i'ii modi’h'd as doubly dispersivt' having exponential jxnver-delay i)rofil('. i.e. po\v('r 
of iC' path P„ (h'layi'd by T,/ is Pac , where To is the delay of ('arliest n'aching path 

and has Ixani takmi z('ro. P^ is tin' power of a path coming with Th delay. The sum of 
the total powi'r of all the paths is normalized. Doppler spread has Ixam modeled as .Iak('s 
spectrum represiuited as , ‘ ■ where fd is maximum doppler disiunsion. In simulation. 

Jakes spectrum have l)een prodncxHl by Jakes distributed random d()])i)l(U' shifts. A random 
number having probability density function as Jakes spectrum has bec'ii g(ui('rated starting 
from uniform uumlx'r gcun'rator. This generation is discussed in ni'xl section. ChaniH'l has 
b('('n assunu'd constant for one symbol duration. Step wise process can Ix' undc'rstood from 
flow chart in figures 3.7 and 3.8. 
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Chapter 4 


Results and Discussion 


Pulse shap('s in <loul)ly (lisp('iHiv(' chaniK'ls can be qualitatively analy/('(l by their auibif>uif\- 
diagram. 


4.1 Qualitative analysis by ambiguity diagrams 

01)8erving th(' ambiguity diagrams of all the pulses we can analyze tlu'in as follows- 

4.1.1 Rectangular Pulse 

Rectangular puls('s do not ovculap for two symbols. Henct' in the case of (hday dispersion 
< Ts, only neighboring symbols interferes with one symbols. 

These properties can be setui by ambiguity diagram (see figure 4.1). This is zero after +1 
and -1 in time axis which represents that a symbol aw^ay by more than one symbol period 
does not interfere'. But in fre([uency axis decrement is sluggish rei)r('senting high sidelolies 
and showing the possibility (d‘ high ICI in doppler dispersion cases. 

4.1.2 Nyquist Pulse 

In time domain this pulse is what rectangular pulse is in frequency domain and in freqiu'ncA’ 
domain this puls(' coir('si)onds to rectangular shape, what rectangular pulse was in time 
domain. Hence effects of (h'lay and doppler dispersions are just r('V('rs(' than in cast' of 
rectangular pulse. Carrier spectra do not overlap and hence in cas(’ of dopider dispersion 
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Figur(' 4.1: Ainhigiuty function of square puLs( 


< A/,., only n('i}j,hl)()ring canicu's interfen’e to a carrier. The sanic’ can be examined by 
ambiguity diagram (see figure' 4.2). This is zero after +1 and -1 in fre'ciuency axis which 
represents that a carrier away by more than A/c does not interfere. But in time axis th(' 
decrement is sluggish showing tliat it is sensitive towards delay dispe'ision. 



Figure 4.2: Ambiguity function of Nyquist pnls(' 


4.1.3 Raised Cosine Pulse 

Ambiguity function for raised cosine pulse having full cosine roll off has been given in fig- 
ure 4.3. This can Ix^ observed that it is zero after 4-2 and -2 not after 4-1 and -1. Henc(' 
a carrier will be int('rfer('(l by the carriers away by ^ but will have no interference by the 
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carriers away by j-. lhat w(' iiavo already seen this pulse satisfic's orthogonality conclitioii 
for A/,. = Y = 7 ^- 



Figure 4.3: Ambiguity function of Raised cosine ])ulse 

4.1.4 Hermite and Non-orthogonal Pulses 

Ambiguity functions of tlu'se pulses are somewhat similar to that of raised cosine puls(' (see 
figures 4.4 and 4.5). \\v can obs<u'V(' a bit of more dispersion in freciuency domain but tin' 
values after +2 and -2 an’ v(’ry small and hence it is difficult to draw a definite conclusion 
from it. Simulations have' been used to compare their performance'. 



Figure 4.4: Ambiguity function of Hermite pulse 
This has been seen that only rectangular and Nyquist pulses ac-liieve maximum spe<t,ral 
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Figure 4.5: Ambiguity function of Non-ortliogoiial pulse 

4.2 Comparison of pulses in delay and doppler disper- 
sive channel 

It can be ()l)serve(l from figures 4.6 and 4.7 that for lower dispersions rectangular pulse and 
Nyquist pulse sliows much l)(d,ter performance than others. This is probaldy because of the 
fact that only these two pulses show orthogonality for full spectral efficiency which is the 
case taken for simulations. For delay dispersion of more than 0.2 tin' performance of XAUjuist 
pulse becomes worse irecause it has slowly decreasing values. For doppler dispersion al)o\’e 
0.01 rectangular pulse starts showing worse which is justified IxH-.aiisc' of high sidcdolx's. For 
doppler dispersion above 0.1 Nycprist pulses also are no good than others. Hence till the 
value of delay dispersion exceeds 0.2, and doppler dispersion exc('('ds 0.1, the comirromise 
with spectral efficiency is not needed and use of rectangular arid Nyquist pulses c.an be 
continued. Above conclusion can again be seen in figures 4.8 and 4.9 that for doppler 
dispersion of 0.1 rectmigular pulse proves better till the delay dispersion of 0.5 and for (h'lay 
dispersion of 0.2 Nyquist pulse proves better till the doppler dispersion of 0.2. 

Nowf it can be seen by an example that the dispersion values wliere both of these pulses 
giving full spectral efficiency are valid for normal data rate. 

Suppose 2Mb'ps data rate has to be transmitted and bandwidth alloted is hMhz. as is 
the case for third geiK'ration mobile systems. Typical mobile environment for urlian aix-as 
hardly show delay disiiersion of more than 20/y..s and doppler dispersion of more than 2bi)Hz 




Bit error rate 
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Fif'ure 4.C: Comparison of different pulses in delay dispersive channel 



Figure 4.7: Com])arison of different pulses in doppler dispersive channel 
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(k('<‘ [13] ami [11]). .\ctually th(‘.si‘ valims thomsttlves are highly ix'ssiuiistic. If we use •')()() 
carriers. tiuMi fur the above cas<> syial)ol period = 250//..S and If,. = 50kHz. Hence th<' 
delay disix'isiun D ~ o.(),s and doppler dispersion =0.025. Tlu'se values' of disix'ision 
correspoml to the region when* rectangular and Nyqnist pidses air far better than others. 


4.3 Conclusion 

.Vfter <‘Kaniiuiug i in-s** pulses \\v s<’e that if high spectral (efficiency is dc'sined, rectangular and 
Ny<iuist pulses cun be used as thes<' satisfy orthogonality condition for full spectral efficic'iicy. 
Further the\' achievi' lesser bit error rate for moderate' disixu'sions. Howc'ver bc'twc'cui tlu’se' 
two. r('cl angular pulse is inon' suitable for (iianncds having large' delay disper.sion. while- 
Nyepiist pulse* is more stiife'd for channels having large doppler disjx'rsion. Rectangular pulse- 
allows the* use of guard inte'rval. while Nyquist pulse allows the use- of guard band. However, 
for high dispe-rsion einuiue-ls th(*se pulse's are no good than otlie-r loweu’ speictral efficie-ncy 
pulse's. For half spectral e'liicie'uety Heriuite pidses can l)e oonsidewe'd which are wedl locali/.e-d 
and can combat ISI ami Id ('eiually. Ftirtlmr, again for half speHd.ral'e-fficiemcy non-orthogoiial 
jaihse's can combat LSI and K’l be'tte'r than Hermito pulsc^s though tlu'y do not maxinize' S.\'R, 
For highe'r data rate' or more' dispe'rsive channels these pulseis can be- consideued. 
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